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Microwave-assisted proteolytic digestion often yields misscleaved peptides, attributed to incom-
plete hydrolysis reactions between enzymes and substrates. The number of missed cleavages is an
important parameter in proteome database searching. This study investigates how various factors
affect digestion processes. Optimum conditions for microwave-assisted digestion (50 mM Tris
buffer, 30 min at 60 °C, and enzyme to protein molar ratio of 1:5) were determined. The digestion
products obtained from eight standard proteins were characterized based on matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS). Experimental results indicate that the
digestion temperature, reaction time, enzyme to substrate ratio, and digestion buffer affect the
number of misscleaved peptides and incomplete digestion percentages. Although all protein
molecules in a sample could be digested into peptides within a few minutes under microwave
irradiation, longer reaction times or methods to maximize the enzyme activity should be
considered if digestion completeness is a major concern. (J Am Soc Mass Spectrom 2010, 21,
421–424) © 2010 American Society for Mass SpectrometryAs the most important proteomics approach, massspectrometry (MS) has established its unique andindispensable role in analyzing proteins, owing to
its accuracy, short analysis time, and high sensitivity.
Protein characterization is typically performed using a
“bottom-up” work flow, whereby proteins are subjected
to proteolytic cleavage by chemical hydrolysis or enzy-
matic digestion. Effective digestion of these proteins often
requires generating peptides in aminimal amount of time,
with a high protein sequence coverage.
Conventional proteolytic digestion methods typically
involve several hours or overnight incubations. A com-
mon practice is to adopt methods capable of reducing
incubation times, while retaining high sequence coverage
and enzymatic specificity. Methods of improving diges-
tion efficiency include thermal denaturation [1] and chem-
ical denaturation (i.e., detergents or acid-labile surfactants
or organic solvents) [2, 3]. Other methods to decrease pro-
teolytic incubation times include using immobilized en-
zymes [4]. An alternative means of enhancing digestion
efficiency involves using microwave irradiation [5]. This
approach exploits unique microwave properties to accel-
erate the enzymatic digestion. In recent years, microwave-
assisted proteolytic digestion procedures, including tryptic
[6–8] and acid-mediated proteolysis [9–12], have enabled
samples to be preparedmore rapidly for bottom-up analysis.
Although the ability of microwave irradiation to accel-
erate enzymatic digestion is well established, digestion
products obtained from microwave-assisted and conven-
tional digestion have not been investigated in detail with
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plete digestion percentage. Microwave-assisted proteo-
lytic digestion reactions often yield misscleaved peptides,
resulting from incomplete hydrolysis reactions between
enzymes and substrates. The number of missed cleavages
is an important parameter in identification of proteins
using proteome database searching. This study investi-
gated how various solvents and reaction times, different
enzyme to protein molar ratios, and varying microwave
temperatures affected digestion processes.
Experimental
Microwave Irradiation
Microwave-assisted digestions were conducted with a
CEM Discovery system (Matthews, NC, USA). The
maximum output power of the microwave system is
300 W and the operating frequency is 2.5 GHz. The set
reaction temperature was maintained by using a sensor-
controlled magnetron. The actual temperatures of reac-
tion solutions were measured immediately with a ther-
mocouple after microwave irradiation.
Conventional/Microwave-Assisted Digestion
Protein standards (2 g) were dissolved in 10 L of
various digestion solvents and 1L of urea (6M), reduced
by 5 mM dithiothreitol (DTT) at 56 °C for 1 h, and
alkylated by 20 mM iodoacetamide (IAA) in the dark
room for 1 h. All digestion solvents except for deionized
water were adjusted to pH 8.6. For conventional digestion,
proteins in 25 mM NH4HCO3 was digested by trypsin at
1:25 enzyme to protein molar ratio (E/S) and 37 °C for 20
h in a water bath. For microwave-assisted digestion, protein
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irradiation at various temperatures. For in-gel digestion,
proteins separated on a 12% SDS-polyacrylamide gel using
a Bio-Rad Mini-Protean 3 system (Wellesley, MA, USA)
were visualized with Coomassie brilliant blue G-250. The
in-gel digestion was performed according to the method
of Mann et al. [13].
Mass Spectrometry
MALDI matrix was prepared by dissolving -cyano-4-
hydroxycinnamic acid (CHCA) in a solvent mixture of 1:1
acetonitrile/0.1% TFA at a concentration of ca. 50 mM.
Positive ion MALDI-mass spectra were acquired using an
Autoflex time-of-flight (TOF) mass spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with a 337-nm
nitrogen laser (10 Hz). Spectra when covering both pep-
tide and protein mass ranges were obtained in the linear
modewith an acceleration voltage of 20 kV [14]. Spectra of
peptide ions were acquired in the reflectron mode with an
acceleration voltage of 19 kV. Each mass spectrum was
derived from 100 summed scans.
Results and Discussion
Microwave-assisted proteolytic digestion has received in-
creasing interest owing to its speed and convenience. This
Figure 1. MALDI mass spectra of the tryptic di
NH4HCO3 with an E/S ratio of 1:25 under (a) co
irradiation at (b) 60 °C, (c) 70 °C, and (d) 90 °C
peptides with one, two, and three missed cleavage sstudy compared how various solvents, temperatures, and
different protein/enzyme molar ratios affect protein di-
gestion under conventional heating and microwave irra-
diation. The digestion efficiencies (i.e., in-solution diges-
tion as well as in-gel digestion) of several proteins with
and without microwave irradiation are compared. Diges-
tion efficiency refers to the ratio of the abundance of the
most abundant peptide fragment to that of this peptide
plus the undigested protein. The calculation assumes that
the ionization efficiencies for peptide and protein ions are
the same. Although this assumption is inaccurate, it pro-
vides a means to follow relative amounts of peptides and
proteins during the digestion. Moreover, this study ana-
lyzes the number of misscleaved peptides (NMCP) result-
ing from incomplete hydrolysis reactions between en-
zymes and proteins as well as an incomplete digestion
percentage (IDP) that is defined as the ratio between the
abundance of peptides with missed cleavage site(s) and
the total abundance of peptides detected.
Figure 1 illustrates MALDI-TOF mass spectra from
the tryptic digest of myoglobin acquired from conven-
tional and microwave-assisted digestion. Under con-
ventional heating conditions (25 mM NH4HCO3, E/S of
1: 25 at 37 °C for 20 h), the digestion efficiency, sequence
coverage, NMCP, and IDP were 100%, 71%, 4%, and
8.1%, respectively (Figure 1a). Under the same condi-
tions, protein digestion with microwave irradiation was
f myoglobin obtained from digestion in 25 mM
tional heating (at 37 °C for 20 h) and microwave
e peaks marked 1, 2, and 3 correspond to thegest o
nven
. Thites, respectively.
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incubation, the digestion efficiency by definition is
100% because no protein signal was observed in the
linear mode (data not shown). According to the mass
spectrum shown in Figure 1b, sequence coverage was
estimated to be 81%. From those results, we can infer
that microwave irradiation generated similar or better
results than conventional heating because microwave
irradiation yielded higher sequence coverage (81% ver-
sus 71%). However, NMCP for microwave heating
conditions is eight out of 14 peptides observed, i.e., four
more than that observed from conventional reaction
conditions (four out of 10). This implies that the higher
sequence coverage arises from longer peptides with
missed cleavages. Furthermore, the IDP of microwave
heating is 34.1%, in contrast with 8.1%, for conventional
digestion. Experimental results indicate that more de-
tailed and systematic investigations are required to
understand how conventional and microwave heating
differ in digestion efficiencies.
The digestion completeness is temperature-dependent.
Figure 1c and d illustrate spectra of trypsin digestion of
myoglobin at 70 and 90 °C, respectively. IDP at reaction
temperatures of 60, 70, and 90 °C are 34.1, 39.2, and 84.9,
respectively. When the digestion temperature is 90 °C, a
mass peak corresponding to three missed-cleavage sites
is clearly observed. At a high temperature, in addition
to the reaction occurring rapidly, the enzyme decreases
its activity very quickly. The rapid loss of enzymatic
activity may increase the percentage of incomplete
digestion. This has implications when using domestic
ovens to assist digestion, since the ovens lack tempera-
ture control.
The enzymatic reaction rate can be increased at an
elevated temperature, and an optimum temperature
range between 50 and 65 °C for trypsin digestion has
been obtained [15]. Under our conditions, the reaction
at 60 °C for 30 min produced the optimum IDP. For
instance, when myoglobin in 25 mM NH4HCO3 buffer
and at an E/S ratio of 1:25 was digested for various
digestion times (Figure 2), the value of IDP leveled off
after 30 min. Notably, although most proteins were
digested into peptides, a fast reaction time did not allow
as many cleavage sites as possible to be cleaved before
the enzyme lost its activity. This explains why a longer
digestion time did not improve IDP. The data were
acquired in triplicate, and the error somewhat reflects
the nature of MALDI experiments.
Figure 3 displays the IDP of myoglobin, lysozyme,
and cytochrome c digestion in 25 mM NH4HCO3 buffer
under microwave irradiation at 60 °C for 30 min and at
various E/S ratios. IDP decreases significantly when the
E/S ratio is changed from 1:25 to 1:5. IDPs are further
decreased at higher E/S ratios. IDP for cytochrome c at
E/S ratio of 1:1 does not reach a value as low as other
proteins do because the IDP has reached the value
obtained from conventional digestion. Although the
reaction completeness was enhanced at higher E/S
ratios, the autolysis product of trypsin became obviouswhen the E/S ratios of 1:1 and 1:2 were used. Trypsin
autolysis products were insignificant under the condi-
tions used, where the E/S ratio was 1:5 and the reaction
time was 30 min.
This study attempts to further improve the digestion
by selecting various solvents at different E/S ratios (E/S
1/25 and 1/5) under the same temperature at 60 °C.
Supplementary Table S1, which can be found in the
electronic version of this article, summarizes the NMCP,
digestion efficiency, sequence coverage, and IDP of myo-
globin in various solvent systems at different enzyme-to-
protein ratios (1:25/1:5) under microwave irradiation for
30 min. According to Table S1, when E/S  1:25, the
digestion efficiency is 100% in ammonium bicarbonate as
well as 50 and 100 mM Tris buffers. The digestion is not
complete in solvents such as pure water, 65% 50 mM Tris
in acetonitrile (ACN), 50% 25mMNH4HCO3in ACN, and
50% 25 mM NH4HCO3 in methanol (MeOH). Pure water
without a pH buffering solution does not appear to be as
effective as a pH buffered aqueous solvent for digestion.
According to a previous study, organic solvent-containing
solutions denature proteins and increase the sequence
coverage of protein digests [2]. The linear-mode spectra of
the tryptic digest of myoglobin in the ACN- and MeOH-
containing solvents includemany large peptide fragments
with m/z exceeding 3000 and an abundance of undigested
protein (data not shown). The digestion efficiency is less
than 50% for the solvents of 50% 25 mM NH4HCO3in
ACN, and 50% 25 mM NH4HCO3 in MeOH.
Based on the data fromTable S1, the sequence coverage
of myoglobin in NH4HCO3 as well as 50 mM and 100mM
Tris buffers under microwave heating provided a higher
sequence coverage than that obtained from the conven-
tional method. Furthermore, all NMC and IDP of micro-
wave heating are higher than those observed from the
conventional digestion method. Overall, when E/S  1:5,
the IDP and NMCP decrease, particularly in 50 mM Tris
Figure 2. Incomplete digestion percentage of myoglobin diges-
tion in 25 mM NH4HCO3 with an E/S ratio of 1:25 under
microwave irradiation at 60 °C as a function of digestion time.buffer. NMCP in 50 mM Tris buffer for the microwave
424 REDDY ET AL. J Am Soc Mass Spectrom 2010, 21, 421–424condition is five out of 12 peptides observed, i.e., slightly
more but close to that from the conventional digestion,
where NMC is four out of 10. IDP of microwave irradia-
tion is 8.9%, in contrast with 8.1% for the conventional
digestion method. The enzyme likely has higher proteo-
lytic activity in 50 mM Tris buffer than in 50 mM
NH4HCO3. The dependence of enzymatic activity on
buffers is known, and has been described for enzymes
such as angiotensin-converting enzyme [16].
Supporting information in Tables S2–S5 presents
NMC, digestion efficiency, sequence coverage, and IDP
of cytochrome c/lysozyme in various solvent systems at
different enzyme-to-protein ratios under microwave
irradiation. The digestion in 50 mM Tris buffer, at E/S
ratio of 1:5, and under microwave irradiation at 60 °C
for 30 min consistently yielded a relatively low NMC
and IDP. To verify the consistency of the optimum
conditions, this study applies these conditions to five
other proteins. NMC, digestion efficiency, sequence cov-
erage, and IDP of ubiquitin, ribonuclease A, -casein,
albumin and transferrin in 50 mM Tris buffer under
microwave at 60 °C for 30 min with an E/S ratio of 1:5
(data not shown) are all similar to those obtained from the
conventional digestion method.
In addition to in-solution digestion, this study also
investigated in-gel digestion under microwave irradia-
tion. Microwave-assisted in-gel digestion in 50 mM Tris
buffer with an E/S ratio of 1:5 did reduce the NMP
(Supplementary Fig. S1,). Supplementary Table S6 sum-
marizes the digestion data from various proteins. The
results are parallel to those of in-solution digestion.
Figure S2 illustrates the parallel characteristics. In ad-
dition to the parallel characteristics, the IDP for in-gel
digestion is generally higher than for in-solution diges-
tion because the contact of enzyme with substrates is
Figure 3. Incomplete digestion percentage of microwave-
assisted myoglobin, cytochrome c, and lysozyme digestion at 60 °C
for 30 min versus various E/S ratios.relatively difficult for in-gel digestion.Conclusions
Under microwave irradiation, digestion completeness de-
pends on factors, including digestion temperature, reac-
tion time, enzyme to substrate ratio, and digestion buffer.
Notably, although all protein molecules in a sample could
be digested into peptides within a few minutes under
microwave irradiation, the number of miss-cleaved pep-
tides and incomplete digestion percentages were often
higher than those when the reaction times were longer
than a few minutes. Therefore, a reaction time as long as
30 min or methods to maximize the enzyme activity
should be considered if digestion completeness is a major
concern.
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